Electron microscopy was used to investigate the apparent induction of virus particle production in bacteria undergoing digestion by ciliates. Results showed that numbers of bacteria containing virus particles increased by a factor of 25 when enclosed within ciliate food vacuoles. It was also found that 10% of these particles survived the digestion process to be released back into the aquatic habitat within faecal pellets. The possibility of virus gene transfer occurring between lysogenically infected bacteria that survive the ciliate digestive processes, is also considered.
Introduction
There is much current interest in the occurrence and impact of viruses in the aquatic, mainly marine, environment [1, 2] , with high numbers of free viruslike particles (vlps) reported and their significance discussed. Interactive aspects of virus activity have been described notably on the grazing of viruses by nano-flagellates [3] , and on the occurrence of bacteriophage virus particles present in marine bacteria [4] .
The present paper reports the apparent induction of bacteriophage particle production in bacteria ingested by ciliates and other phagotrophic microbes in the freshwater environment. 
Materials and methods
The 3.5-m deep water-column of a small hypereutrophic lake in the English Lake District [5] was sampled regularly through each season of a year (1996) and the microbial community examined by transmission electron microscopy (TEM). The August 1996 samples collected from a depth of 1.5 m, within the oxycline, revealed a high level of virus activity, and aquatic free-virus numbers approaching log vlps ml-' were recorded. To study the physical inter-relationships between the microorganisms and viruses present at this depth, 20-ml water samples were collected, concentrated, fixed with glutaraldehyde and osmium tetroxide and embedded and sectioned for TEM examination [6] .
Observations were made from ultra-thin sections < 60 nm thick, recording all cells and their associa-tions in 160 mm" of sectioned sample, and analysed to determine and compare the percentage population of each relevant microbial inhabitant.
The sections were examined in a JEOL 1OOCX TEMSCAN electron microscope.
Results
TEM revealed a frequent concentration of vlps within the food vacuoles of certain ciliates and heterotrophic flagellates. It also appeared that recognisable faecal pellets expelled from the ciliated protozoa contained vlps, although at a lower concentration than observed in ciliate food vacuoles. In wholewater samples. bacteria were present in concentrations greater than 10" ml .' and ciliates in densities greater than 200 ml '. of which those in the genus Euphtes predominated.
The investigation focussed on this ciliate, its bacterial food and its associated free virus particles.
The survey of sectioned material recorded 12 morphologically diverse free vlps (255200 nm in size) in 80 sections examined, although one ruptured dinotragellate contained 54 loosely concentrated, morphologically identical virus particles within its remains.
Of 6 14 ( IOO%) free-living, non-ingested bacteria examined. two (0.3%) contained the discrete particles of an infecting virus in lytic phase. However. 30 of 42 Euplotrs cells examined contained one or two food vacuoles, 32 in total, and 19 (60%) of these vacuoles contained groups of virus particles. In 15 of these 19 food vacuoles the virus particles were contained within partially digested but still recognisable bacteria (Fig. 1 ). In the remaining four of the 19, the food vacuoles were packed with morphologically identical virus particles amongst lysed bacterial remains (Fig. 2) . A total of 107 virus particles were counted within Euphtes food vacuoles. A further 246 partially-digested, but virus-free, bacteria were also recorded from within the vacuoles; the bacteria that contained virus particles representing roughly 6% of all recognisable bacteria enclosed within the food vacuoles. No Euplotrs cell examined showed virus particles within its organelles or cytoplasm.
In cells of a Rlzodomona.~ species, also present in the examined sample, two out of 12 cells contained recognisable bacteria, and these possessed virus particles. Although bacteria containing virus particles accounted for only 6% of the recognisable bacterial population in Euplotes food vacuoles, this was some 25 x higher than in bacteria living free within the surrounding water.
Sections through a number of ciliates showed waste food material in the process of expulsion as faecal pellets from the cell. Within 80 faecal pellets examined (1.5-3 urn in diameter), 69 apparently undamaged bacteria and 41 'free' virus particles were recorded (Figs. 3 and 4) . In most cases these were well embedded in the matrix of the pellet and had apparently survived the ingestive and digestive processes of the ciliate. None of the surviving bacteria contained virus particles and no pellet showed more than three bacteria or virus particles present in any one section.
Discussion
Bacteriophages can replicate in two ways, lytically and lysogenically. In the lytic process, a free phage contacting a potential bacterial host infects it, and causes it to replicate the virus. The cell wall of the bacterium then lyses releasing a burst of the infective virus particles into the aquatic environment.
In the lysogenic process, an infected bacterium can carry the virus encoded as part of its own genome from generation to generation until a specific environmental or physiological condition affecting the bacterium triggers virus particle production within the cell. Subsequent bacterial lysis releases the infective virus particles into the water.
A study of the infection of bacteria by bacteriophages in the marine environment [4] , estimated that at any time, up to 27% of rods, 79% of cocci and 100% of spirillae are infected by viruses. It is probable, therefore, that a high percentage of the bacteria surveyed in the present study were infected by lysogenie viruses. It appears that when these infected bacteria are ingested by a phagotroph such as Euplotes, the digestive process triggers particle production in the encoded virus, enhancing its chance of surviving otherwise certain destruction as the bacterium and its virus-containing genome are digested. Even so, the ultimate fate of the majority of these virus particles generated within the ciliate's food vacuole appears to be digestion, with roughly 10% surviving to appear in faecal pellets (Fig. 5) . Viability of these survivors has not been tested and may have been impaired whilst progressing through the ciliate's digestive processes. The particles' eventual release as free viruses is dependent on the disintegration of the pellet.
None of the bacteria in ciliate faecal pellets showed signs of ultrastructural damage or of virus particle production.
It is possibile that these cells were not infected with virus, but it is most likely that a majority contained an encoded bacteriophage. If the bacteria were resistant to the digestive processes in the ciliate, and were therefore not submitted to stress, virus particle production would not be triggered in the encoded virus.
Non-digested bacteria in ciliate faecal pellets have also been reported elsewhere, but especially by Schlimme and co-workers [7] who showed that these bacteria did not survive re-ingestion. Certain resistant bacteria, such as species of Legionrlb, are not affected by digestion in amoebae at normal growth temperatures [S] . and will continue to reproduce within the food vacuoles of the cells. However. at lower temperatures these bacteria are digested 01 ejected from the feeding amoebae. These workers proposed that bacteria such as Lrgiotwllu. Listwb and Vibr-io species have evolved to survive ingestion and the digestive processes of protozoan grazers. It has also been suggested [9] that resistance to digestion by predatory protozoa is an evolved survival mechanism. None of these workers report the presence of virus particles within the ingested bacteria 01 within the food vacuoles or faecal pellets associated with phagotrophic species. It remains to be demonstrated whether lysogenically infected bacteria, resistant to digestion at ambient temperatures, will be lytitally triggered if they arc ingested at lower temperatures.
Further evidence of the apparent induction of lytic phase in a virus within an ingested lysogenic bacterium is provided by four Euplotcs cells where food vacuoles were found to be packed with virus particles of one morphotype.
It is unlikely. in view of the morphological diversity of free viruses present in the immediate environment, that the ciliate had packed its food vacuole with identical virus particles. by normal feeding. Either the virus-infected bacterial food was induced into rapid particle production before the bacterium lysed the particles then filling the food vacuole ~~ or lytic phase had been induced in material leaking and filling the vacuole from an infected bacterium previously lysed by the ciliate's digestive process.
Although the figure of 10% for ultimate survival ot virus particles originally generated within the food vacuoles of a micro-phagotroph. might appear small in terms of absolute numbers, it represents an extraordinarily large number of virus particles. It also underlines the complex nature of the mechanisms by which viruses can interact with microorganisms to enhance their chances of survival in extreme adverse conditions. A recent report [7] demonstrated the process of conjugational gene transfer between bacteria within the food vacuoles and fdecal pellets of ciliated protozoa. It follows from the present report that viruses existing lysogenically within ingested bacteria should also be recognised as a component of the genetic material transferred during the same process. The report [7] recognised the implications of this transfer process for biosafety: its importance is stressed still further by the results of the present study.
